A method for inverse design of horizontal axis wind turbine (HAWT) is presented in this paper. The direct solver for aerodynamic analysis solves the Reynolds Averaged Navier Stokes (RANS) equations, where the effect of the turbine rotor is modeled as momentum sources using the actuator disk model (ADM).The inverse problem is posed as follows: for a given selection of airfoils, the objective is to find the blade geometry (described as blade twist and chord distributions) which realizes the desired turbine aerodynamic performance at the design point; the desired performance is prescribed as angle of attack (α) and axial induction factor (a) distributions along the blade. The method is first applied for conventional, single-rotor HAWTs and then extended to multi-rotor, specifically dual-rotor wind turbines. A method for inverse design of horizontal axis wind turbine (HAWT) is presented in this paper. The direct solver for aerodynamic analysis solves the Reynolds Averaged Navier Stokes (RANS) equations, where the effect of the turbine rotor is modeled as momentum sources using the actuator disk model (ADM).The inverse problem is posed as follows: for a given selection of airfoils, the objective is to find the blade geometry (described as blade twist and chord distributions) which realizes the desired turbine aerodynamic performance at the design point; the desired performance is prescribed as angle of attack (α) and axial induction factor (a) distributions along the blade. The method is first applied for conventional, single-rotor HAWTs and then extended to multi-rotor, specifically dualrotor wind turbines.
I. Introduction
Rapid increase in utilization of turbines to harvest clean and renewable wind energy resource has introduced new challenges for researchers. As power production is directly dependent on the design of the wind turbine blades, considerable research studies have focused on developing methods to improve blade design in order to increase the output power. One approach to blade design is to use direct analysis codes and perform parametric sweeps to identify the highest-performing blade design. More recently, researchers have started using optimization algorithms for a blade design. For example, Chattot 1 used the Lagrange multiplier optimization method to maximize power while constraining the thrust at a given tip speed ratio. The inputs to the optimization algorithm were blade twist and chord.
Inverse algorithms were introduced in wind turbine blade design process by Selig and Tangler.
2 They combined the multi-dimensional Newton method with the Blade Element Momentum (BEM) theory to develop a software called PROPID. Aerodynamics models based on solving the Navier-Stokes equations, as opposed to BEM theory and VLM that are based on the highly simplified potential flow equations, offer higher fidelity in analysis and design of wind turbine blades.
Due to several restrictions on blades of utility-scale wind turbines, the root section of a turbine blade usually has a cylindrical shape and not much power can be exploited from the bottom 20 percent of the blade.
3 Dual Rotor Wind Turbines (DRWTs) are suggested by Rosenberg et al. 3 In brief, the goal of a DRWTs is to add a secondary smaller rotor in front of the main rotor to capture more energy from the airflow at the bottom section of the main rotor. Additionally, the flow entrainment and the effects of the secondary rotor on the downstream turbines are under study. 4 This paper presents a methodology to use RANS CFD to perform inverse design of single and dual-rotor HAWT blades.
II. Computational Model

II.A. Flow Solver
The incompressible, Reynolds Averaged Navier-Stokes (RANS) equations for fluid flow are solved using the semi-implicit method for pressure linked equations (SIMPLE) algorithm.
5 The governing equations are ∂ū i ∂x i = 0, and,
The two-equation k − turbulence model by Launder and Spalding, 6 with modifications suggested in Hargreaves and Wright, 7 is used for turbulence closure. The source term f i in the momentum equation in Eq. (1) is used to model the force exerted by the turbine rotor blades on the fluid. This force is determined using the blade element theory, which requires local flow velocity at turbine location, geometric information about rotor blades such as chord and twist, and blade aerodynamic characteristics.
II.B. Simulation Set-up
An objective of the paper is to demonstrate an inverse blade design procedure that uses CFD to perform aerodynamic analysis. To minimize computational cost, a cost-effective axi-symmetric computational setup is selected. Figure 1 shows an isometric view and a planform view of an example axisymmetric mesh used in the study with x axis as the symmetry axis. The lengths are nondimensionalized by the radius of the main rotor, R and the angle between the side planes is selected to be 1
• . The inflow is in the positive x direction and the force exerted by the turbine on the fluid is applied in the negative x-direction. The mesh is one-cell thick in the azimuthal direction and refined in the region where the rotor disks are placed.
II.C. Inverse solver
While there are multiple ways in which the inverse design problem can be posed, we choose to prescribe distributions of (1) axial induction factor (a), and (2) angle of attack (α) as desired outcomes. A brief introduction of the selected inverse solver, the Trust-region-reflective method, is given in this section. The interested reader is referred to Refs. 8, 9 for details. Suppose we seek the minimum of function f in a bounded or unbounded domain. As a first guess, we randomly pick point x 0 in the domain and find f (x 0 ). The idea behind this scheme is to approximate f with a simpler function q (see Eq. 2) that behaves similarly to f in the vicinity of x 0 and then find a new point x 1 in a domain N in the vicinity of the point
of the minimum value of f , and the procedure is repeated. If f (x 1 ) ≥ f (x 0 ), the trust region (N ) is reduced in size and the search for minimum q is repeated. In order to reduce the computational time, the trust-region sub-problems are confined to two dimensional sub-spaces S. In fact, the sub-problem is defined as arg min{q(s)}, subject to ||Ds|| ≤ ∆ and s ∈ span[s
where
s T Hs is the approximation for f around x k , g is the gradient of f at x k , and H is the Hessian matrix (symmetric matrix of second derivatives), D is the diagonal scaling matrix, ∆ is the radius of the trust region, s U k is the steepest descent direction given by s
, and s
F S k
is either an approximate Newton direction, H · s
In this study, it is desired to minimize a target function which is defined as the difference between the calculated and desired design parameters.
III. Results
The proposed inverse design procedure is tested for different single-rotor and dual-rotor wind turbines. As a first test case, we attempt to design the Betz optimum rotor. Per the 1-D momentum theory, the axial induction factor should be 1/3 over the entire rotor disk to achieve maximum Cp. The turbine blade is desired to be designed using one airfoil (the 18% thick DU-96-W180 airfoil) for the entire blade span.
III.A. Test Case
To achieve the best performance, the desired α is selected to be 10 degrees, which is where the C l /C d is maximum for the DU-96-W180 airfoil. Therefore, α j = 10
• , a j = 1/3 is specified for all radial segments. The design tip speed ratio, λ = Ω r t /u ∞ is set to be 7.0. Figure 2 shows the input and output of the optimization algorithm. Radius and chord have been nondimensionalized by the tip radius (r t ). The initial estimates for both chord and twist are uniform everywhere and are far from the final answer. The method converges to the desired values of α and a. The c and θ distributions of the converged result (see Fig. 2 (c,d) ) are typical of wind turbine blades and the calculated values of a and α are nearly identical to the desired (prescribed) values.
III.B. Test Case 2: Inverse Design of DRWTs
The aim of this test is to extend the design process to dual rotor wind turbines (DRWTs). The interplay (coupling of aerodynamics) between the two rotors of the DRWT makes the design process more complicated.
In this test, the results of a direct solver other than RANS/ADM are prescribed as the desired values (α and a) for the inverse design process. The vortex lattice method proposed by Rosenberg and Sharma 10 is selected as the direct solver to provide the desired distributions of α and a for the inverse design of a DRWT. In here, two DRWT has two equal-size rotors, both made entirely of DU96 airfoil with dimensionless separation of sep/r t = 0.3 and both rotors have tip speed ratio λ = 7.0. The results of the inverse design are shown in Fig. 3 . The inverse design algorithm is able to provide geometries for both rotors of the DRWT that satisfy the prescribed aerodynamic performance.
IV. Conclusion
An inverse design algorithm for wind turbine blade design is presented in this study. The design parameters are axial induction factor and angle of attack, while the independent variables are dimensionless chord length and twist distribution along the blades. The design process involves minimizing a target function which is defined as the difference between the calculated and desired design parameters. Trust-regionreflective is selected as the iterative searching method. The design algorithm is tested with different singleand dual-rotor turbines. The purpose of each case is discussed and then the algorithm is put to the test to demonstrate its ability for accomplishing the design goal.
